Abstract: In order to minimise the impact on society in the case of severe disturbances affecting infrastructure systems it is essential that these systems are resilient to failures, i.e. that they are able continue operations or quickly recover a stable state after a major mishap. Numerous opportunities for taking measures to increase resilience of infrastructures exist already in the design phase of new elements in these systems. This paper therefore investigates to what extent resilience of the railway system is considered at the design stage of new railway tunnels in Sweden. The case study builds upon interviews with key stakeholders involved in the decision-making process regarding safety measures in six railway tunnel projects, comprising a total of 28 tunnels (representing the majority of contemporary railway tunnel projects in Sweden). The theoretical perspective is based upon insights from the fields of resilience engineering and risk governance. The results revealed that power relations between the different stakeholders largely influenced the decision-making process in the studied railway tunnel projects. Diverse roles and perspectives among these actors led to disagreements in the majority of the projects. As a result, both of the key stakeholders experienced that they were trapped in different kinds of double binds, i.e. situations requiring a choice between equally bad outcomes. These double binds, and the significant influence from local actors on decision-making, resulted in a restricted consideration of the system's resilience on the regional and national levels. These findings underline the important relationship between decision-making at the local level in each railway tunnel project and the impact from these decisions on the system's resilience at the global level. The paper therefore contributes to increased understanding of the way that micro-level decisions affect macro-level characteristics of complex socio-technical systems.
Introduction
Our society is largely dependent upon the reliable function of a number of infrastructure systems, including for example transport systems, electrical power distribution and water supply (Almklov and Antonsen 2010; de Bruijne and van Eeten 2007; Rinaldi, Peerenboom and Kelly 2001) . Failures affecting these infrastructures have a potential for severe consequences both in terms of human and economic loss. The importance of this kind of systems for providing essential services supporting a nation's economy and social well-being is reflected in the terms Critical Infrastructures (CIs) or 'lifeline systems' (McDaniels et al. 2007; Little 2004) . As a result of their increasing complexity, they have become more interdependent (Amin 2001) . This means that a failure affecting one system have the potential to cascade into other systems, resulting in significant damage (Little 2002; Rinaldi, Peerenboom and Kelly 2001; Ansell, Boin and Keller 2010) . It is therefore essential that these systems are resilient to failures in the sense that they are able to absorb shock while maintaining function (McDaniels et al. 2008) . This is highlighted in a recent national Swedish strategy for protection of essential societal functions. The overall goal of this strategy is declared as providing society as a whole, including its critical infrastructures, with an increased degree of resilience (Swedish Civil Contingencies Agency 2011) . However, the realisation of this goal in practice is unclear and needs to be further studied.
Several authors have proposed ways to analyse infrastructure systems in the effort to provide increased resilience and reduce their vulnerability (see e.g. Johansson, Hassel and Cedergren 2011) . Whereas these activities have mainly focused on existing infrastructures, numerous opportunities for taking measures to increase resilience exist already at the design stage of new elements in these systems. In the design phase of infrastructures decisions regarding many of the characteristics that shape the system's ability to withstand future failures are made. By studying decision-making at this stage, valuable insights can therefore be gained of the way that risks and vulnerabilities to the system's operation are managed. In this case study such decision-making process at the design stage of railway tunnel projects in Sweden is analysed. The objective of the paper is to study to what extent resilience of the railway system is considered in the multi-actor decision-making setting characterising railway tunnel projects. The objective is also to identify challenges related to the provision of resilience to this kind of interdependent socio-technical system (see also Cedergren 2011 for a brief outline of some preliminary findings).
The paper is structured as follows. Firstly the paper describes the theoretical framework for analysing the provision of resilience to infrastructures in a multi-actor decision-making setting. This theoretical point of departure draws upon insights from the fields of resilience engineering and risk governance. The next section describes the studied railway tunnel projects, and the approach for conducting the study. In Section 4 the results of the studied cases are presented, and the challenges of providing resilience to this type of interdependent infrastructure projects are addressed. Thereafter follows a discussion of the findings, and finally some conclusions are drawn.
Theoretical framework
In order to study challenges related to the provision of resilience to the railway system the concept of resilience first needs to be elaborated. The term resilience is often described as the ability to bounce back, or return to normal functioning despite continuous stresses. In this general sense, resilience is a concept that is described in a number of different fields, such as ecology, psychology and engineering (de Bruijne, Boin and van Eten 2010; Birkland and Waterman 2009) . The concept has gained significant popularity in recent years, and as pointed out by Boin and colleagues 'It appears that everything (organizations, cities, nations) and everybody (from schoolteachers to the U.S. president) can and should be resilient' (Boin, Comfort and Demchak 2010, 1) .
Resilience engineering
In safety science, resilience typically refers to the ability of a system to 'continue operations or recover a stable state after a major mishap or event' (Leveson et al. 2006, 95) . This is the meaning of the concept adopted in this paper. In recent years similar definitions of the term resilience have been proposed in the emerging field of resilience engineering (see Hollnagel and Rigaud 2006; Hollnagel, Woods and Leveson 2006; Hollnagel, Nemeth and Dekker 2008; Hollnagel, Pieri and Rigaud 2008; Nemeth, Hollnagel and Dekker 2009; Hollnagel, Paries, Woods and Wreathall 2011; Hollnagel, Rigaud and Besnard 2011) . Central to the ideas advanced in the resilience engineering literature is the ability of a system to adapt under varying circumstances (Hollnagel 2011b) . According to Woods (2003) , resilience engineering is built upon insights derived from research on failures in complex socio-technical systems across various sectors, particularly the organisational contributors to risk. Based on these different research findings, a number of generic patterns of vulnerabilities in decision-making have been identified (Woods 2003) . The basis for these insights have been synthesised from various research contributions, including for example findings from studies of High Reliability Organisations (see Weick, Sutcliffe and Obstfeld 1999) . These patterns have been described by Woods (2003) as being important challenges for managing a system's resilience. In this paper they have therefore been used to provide the point of departure for the analysis of decision-making in railway tunnel projects. These challenges include:
(1) Failures to revise assessments as new evidence accumulates. (2) Breakdowns at the boundaries of organizational units that impedes communication and coordination. (3) Taking past success as a reason for confidence instead of investing in anticipating the changing potential for failure. (4) Fragmented problem solving process that clouds the big picture.
The extent of consideration that is given to resilience of the railway system has been analysed by studying the way these challenges are managed in railway tunnel projects. The first of these challenges involves the inability to revise assessments in the face of new evidence. As pointed out by Lidskog, Uggla and Soneryd (2011) , the framing of a specific problem exerts significant influence on what knowledge that is seen as relevant (see also Slovic 2001) . Interaction between people with diverse perspectives is therefore essential in order to look at previous facts in a new way (Dekker 2005) . The fresh perspectives added by different framings provide an organisation with a broader set of assumptions that makes it more sensitive to a greater variety of different inputs. However, Weick and colleagues (1999) remark that this ideal may be difficult to achieve in practice due to conflicts and disagreements when actions need to be taken. Emergence of such conflicts typically makes different views polarised and leads to a failure to revise assessments.
The second challenge, breakdowns at the boundaries of organisational units, refers to a lack of mechanisms for effective interplay across groups and organisations. Kramer (2005) provides several examples of factors leading to such cross-boundary breakdowns in his analysis of the failure to cooperate effectively across various U.S. agencies prior to the 9/11 attacks. As a basis for his analysis he refers to the 'tragedy of the commons'. This parable refers to the conditions under which locally rational courses of action inevitably lead to collective breakdown (see also Ostrom 1999) . Behind this challenge lies an inability to coordinate different groups at various levels when they are facing conflicting goals. Woods and Branlat (2011) remark that mis-coordinated groups sometimes work hard to achieve local goals. However, this way of locally pursuing a set of specific goals may sometimes overshadow goals at the system level.
The third challenge, taking past success as a reason for confidence, describes how the present course of action adopted by an organisation is justified by its successful history. For example, the absence of failure is seen as evidence that existing safety measures are effective, or even that hazards are not present (Dekker 2005) . As pointed out by Starbuck and Milliken (1988, 329) 'success breeds confidence and fantasy' and makes organisations more convinced of their own abilities, skills and procedures. This challenge clearly contrasts one of the distinctive qualities of High Reliability Organisations, which are characterised by a chronic worry that analytic error is embedded in its ongoing activities (Weick, Sutcliffe and Obstfeld 1999) . These organisations therefore possess a continuous expectation of future failures (Rochlin 1999) , which keeps them watchful for the potentially misleading inferences drawn from past success.
The fourth challenge described by Woods (2003) is fragmented problem solving. This challenge emphasises the danger of focusing on specific details at the expense of recognising the bigger picture. The way that a complex system is described depends on the manner in which the boundaries of what constitutes the system and what constitutes its environment are defined (Cilliers 2001) . Consequently, if the chosen system boundaries are restricted to a few aspects, the influence these aspects have on the larger functioning of the system is excluded. As a result the outcome may be unsatisfactory, sub-optimal, or even counter-productive. This type of fragmentation is a highly relevant topic for critical infrastructures. Whereas these systems are becoming physically more tightly coupled their management is characterised by an increasing institutional fragmentation (de Bruijne and van Eeten 2007) . This means that their operation and supervision is divided between a larger set of different organisations.
A further remark concerning the four 1 challenges adopted for analysing decision-making in this paper should be made. A large part of the contributions to the field resilience engineering are focusing upon the strategies and abilities to adapt and survive within individual teams and organisations. This is reflected in many definitions of the term resilience that can be found among the contributions to the resilience engineering field (see e.g. Sundström and Hollnagel 2006) . Likewise, most suggestions on indicators for the provision of resilience focus upon individual organisations. Due to the immaturity of the field the theoretical development and empirical validation of such indicators are yet limited. Among the few examples presented to date the suggestions on indicators from Hollnagel (2011a) and Macchi et al. (2011) can be mentioned. However, as pointed out by Woods (2006, 23) 'the resilience of a system defined at one scale depends on influences from scales above and below'. This means that studies of resilience should not be restricted to the organisational level. Rather, analyses that include the interactions between multiple levels of a socio-technical system may also provide interesting insights to studies of riskrelated decision-making. One of the essential challenges for resilience engineering is therefore to produce the research that will identify the specific features of a socio-technical system that do in fact give resilience (McDonald 2006).
Risk governance
Whereas limited consideration has been devoted to multi-level decision-making in the field of resilience engineering, this type of setting has gained significant attention in the field of risk governance. In this field a number of factors described as 'failures' to the risk management process have been identified. Some of these 'risk governance deficits' (IRGC 2009) have significant similarities to the challenges of managing a system's resilience described above. This demonstrates that the findings identified in the field of resilience engineering are relevant also in a multiorganisational setting. Particularly, the following four risk governance deficits (IRGC 2009) maps remarkably well onto the challenges described above:
• Missing, ignoring or exaggerating early signals of risk, for example by failing to be openminded as to the interpretation of low-level or subtle signals of risk (comparable to 'failure to revise assessments as new evidence accumulates') 1 A fifth challenge presented by Woods (2003) includes 'drift toward failure'. However, even though drift toward failure possibly has a great impact on a system's resilience, a longitudinal study of a system's operational phase would be required for examining drift toward failure. Therefore, this factor has not been considered in the analysis.
• A failure to resolve conflicts where different pathways to resolution may be required in consideration of the nature of the conflict and of different stakeholder interests and values (comparable to 'breakdowns at the boundaries of organisational units')
• Failure to re-assess in a timely manner fast and/or fundamental changes occurring in risk systems, for example by continuing to behave as if risks follow known routines (comparable to 'taking past success as a reason for confidence instead of investing in anticipating the changing potential for failure')
• A failure to understand how the components of a complex system interact or how the system behaves as a whole, thus a failure to assess the multiple dimensions of a risk and its potential consequences (comparable to 'fragmented problem solving process that clouds the big picture') These similarities show that resilience engineering and risk governance share a number of common ideas related to risk-reducing strategies, but they focus on somewhat different aspects. Resilience engineering, on the one hand, emphasises the need for a system to adjust its functioning in the face of varying risks (Hollnagel 2011b) . Risk governance, on the other hand, highlights the difficulties in reaching binding decisions in a multi-level, multi-organisational setting in which none of the actors possess superior authority (van Asselt and Renn 2011). The topic of interest for this study lies at the intersection between these fields. As a basis for the theoretical framework of this paper ideas from the field resilience engineering have therefore been complemented by insights from the field of risk governance.
The notion risk governance refers to the various ways in which a multitude of actors (individuals, institutions, public and private bodies) 'deal with risks surrounded by uncertainty, complexity and/or ambiguity' (Renn, Klinke and van Asselt 2011, 233) . Particular emphasis is provided to risk-related decision-making situations where 'the nature of the risk requires the collaboration of, and co-ordination between, a range of different stakeholders' (IRGC 2005, 22) . As a consequence, the concept includes the totality of various rules and processes and the diverse number of actors involved in collecting, analysing, and communicating risk-related information (Renn, Klinke and van Asselt 2011; van Asselt and Renn 2011; IRGC 2005) . This means that the scope of risk governance is fundamentally multi-organisational. In situations involving actors at different levels of society (local, regional, national), the term multi-level governance is used (Renn, Klinke and van Asselt 2011) . These diverse actors are typically characterised by different perceptions and evaluations, and they draw on different knowledge and evidence claims in order to influence risk-related decision-making (Renn, Klinke and van Asselt 2011) . These differences in legitimate viewpoints from time to time lead to various types of controversy in decision-making, including for example deadlocks and legitimacy problems (van Asselt and Renn 2011). The notion ambiguity is used in the risk governance field to refer to such controversy stemming from the existence of multiple values (Renn, Klinke and van Asselt 2011) .
In order to provide guidance for improved risk governance the International Risk Governance Council (IRGC) has developed a framework for 'the development of comprehensive assessment and management strategies to cope with risks' (IRGC 2005, 11) . However, this model has received criticism on several points. For example, Boholm Corvellec and Karlsson (2012, 15) raise an important aspect by declaring that they 'challenge the IRGC's decontextualizing approach to risk governance, an approach that stays at a methodological and theoretical distance from the micro contexts in which risk understanding gets born and risk decisions are made'. This point is shared in this paper, where significant focus is devoted to decision-making at the micro-level in each studied project. Particularly, the paper aims at gaining deep insights and understanding of the local rationality of each stakeholder. Therefore, the approach to studying challenges associated with riskrelated decision-making is built upon an exploratory case study with interviews as the primary method for data collection. This approach will be further described in the next section.
Method and material
This exploratory case study builds upon data collected from semi-structured interviews with a total of 16 persons involved in the design stage of six railway tunnel projects in Sweden (out of a total of nine new railway tunnel projects comprising tunnels more than 1000 m under design or construction in Sweden at the time of data collection). The six railway tunnel projects together encompass 28 tunnels. These tunnel projects include: the City tunnel project, the Botniabanan project, the Ådalsbanan project, the Hallandsås project, the Nygård tunnel project, and the Kiruna project. An overview of some key characteristics of the tunnels is provided in Table 1 . Table 1 . Description of tunnel projects Each interview was initiated by asking each respondent to describe the decision-making process of the project, with particular focus on problems he/she had experienced. Emphasis was put both on the process and the outcome of decision-making. After responding to this open question, more detailed questions related to decision-making regarding safety investments, and their influence on the railway system's ability to recover from major disturbances, were posed. All questions had been distributed in advance to each respondent, and summaries of the interviews were distributed for comments afterwards. Since some of the respondents wished to remain anonymous, the projects will be referred to as project A-F (not in the same order as presented above) in the rest of the paper. This is to avoid that individual respondent can be identified. In addition to interviews, the collected data consists of risk and safety analyses and other safety-related documentation from each project (1-8 key documents from each project). In Sweden, the approach to risk management is traditionally inclusive and consensual (Löfstedt 2009 ). Decision-making regarding the design of safety measures in railway tunnels includes a number of key stakeholders, which will be further described in Section 4.1. These actors involve representatives from the Transport Administration 2 (which is the authority responsible for construction of the railway tunnel projects) and their appointed consultants, municipal building committees, and municipal rescue services. In total, the respondents consisted of six persons employed by the Transport Administration, three from municipal rescue services, five from municipal building committees, and two consultants. One of these consultants had been involved to some extent in all of the studied projects. The transcribed interviews, as well as the safety documentation, were analysed by looking for keywords based on the four factors that formed the theoretical framework described in Section 2. These keywords related to each actor's framings of the main problems in decision-making, their perspectives on risk and safety, described disagreements, and motives for choices of specific safety investments. One of the projects (project E) was re-planned some time after the interview had been conducted. This means that a different railway corridor was chosen in this project, and the railway tunnel that was a part of the original railway plan was therefore no longer necessary. Nonetheless, since the collected data reflected the way that decisions are made, it was still considered relevant and included in the study.
Results and analysis
In this section the challenges related to the provision of resilience to the railway system at the design stage of railway tunnel projects have been analysed. The analysis is based upon the theoretical framework outlined in Section 2.
Failure to Revise Assessments as New Evidence Accumulates
In several of the studied projects there was initially some uncertainty regarding what legislations to apply for issues related to safety measures and means of evacuation in railway tunnels. For ordinary buildings in Sweden means of evacuation is regulated in the Building Codes. However, railway tunnels do not fall under the definition of a 'building' in the sense of the word described in this document. Therefore, a number of other guidelines and legislations were applied, primarily the Planning and Building Act (SFS 1987:10) , the Act on Technical Requirements for Construction works (SFS 1994:847) and the related ordinance (SFS 1994 (SFS :1215 .
An important aspect of the Planning and Building Act is the requirement for an approved building permit. It is the municipal building committee in the municipality where the construction will be located that approves the building permit before the construction can be taken into operation. This means that multiple administrative levels are involved in decision-making in railway 2 The Transport Administration replaced the former Rail Administration and Road Administration in 2010, and therefore the names Transport Administration and Rail Administration will be used interchangeably throughout the paper depending on the context. tunnel projects. On the national level the Transport Administration is the authority with responsibility for the railway infrastructure (including the building of new railway tunnels). On the local level each of Sweden's 290 municipalities has significant autonomy, for example regarding planning and building matters. Since the municipal building committee officials normally do not handle issues concerning means of evacuation in railway tunnels, they appointed the municipal rescue service as their expertise. This means that local actors, particularly the municipal rescue services, gained a prominent position in decision-making at the design stage of railway tunnel projects. See Figure 1 for an overview of the key stakeholders involved in decision-making at the design stage of railway tunnel projects. One of the difficulties in applying the above-mentioned regulations was that they do not contain any verifiable safety level. For example the Ordinance on technical requirements for construction works (SFS 1994:1215 4 §) merely demands that constructions shall be designed to ensure that:
'people … in the event of a fire can evacuate or be rescued… and [that] the safety of the rescue service personnel in the event of a fire is considered' Due to this lack of concrete safety level, the Transport Administration (previously the Rail Administration) has developed an internal handbook on safety in railway tunnels (BVH 585.30 ). This handbook builds upon a risk-based approach and includes quantified criteria for an acceptable level of risk. In all studied projects appointed consultants carried out the safety documentation and quantitative risk analyses (QRAs) suggested by this handbook. The use of the approach described in BVH 585.30 has, however, not been fully agreed upon by the rescue services. The respondent from the project team in project B commented this: 'It's a problem that the Rail Administration's handbook BVH 585.30 still has not been fully accepted by rescue services and the Rescue Service Agency… [According to them] it is not sufficient… this idea behind a risk-based approach… so even if we have shown that we on the whole have a very high level of safety it is still not enough'
The reason for this rejection of a risk-based approach was that the proposed design of safety measures, based on the QRAs, was not considered sufficient for carrying out rescue operations. For example, the distance between evacuation exits (which also function as intervention points for the rescue service) were in many cases considered too long for enabling the rescue service to intervene in the case of an accident. This difference in framing, and consequently also the difference in opinion on how to achieve an 'acceptable' level of risk, resulted in controversies in the majority of the studied projects.
An attempt to alleviate this situation was initiated by the Swedish government in 2002. Four of the authorities involved in the design of safety measures in road and railway tunnels were assigned to create opportunities for increased coordination and consensus by clarifying the requirements raised in different legislations. However, the outcome from this assignment was limited to a declaration that (Swedish National Board of Housing, Building and Planning 2005, 3):
'no individual law "overrules" any other law, but each of them has an individual significance…'
This means that the differences in viewpoints among the various stakeholders remained. Neither did the incorporation with Swedish law of the European Technical Specification for Interoperability (TSI) relating to safety in railway tunnels in 2007 eliminate disagreements in the projects. Whereas the Transport Administration regarded the TSI as a standard that should be followed literally, the municipal actors only considered this document as prescribing a minimum level of safety measures.
Consequently, these diverse viewpoints created significant problems in this type of multiorganisational setting where none of the involved actors possessed the superior authority to make a final decision. A result of diverse perspectives was that the various stakeholders were unable to reach an agreement regarding what type of evidence that should be taken into account. The project team referred to the outcome from quantitative risk analyses as a demonstration of an 'acceptable' level of risk. In their view, the low probability of failures in railway tunnels implied no need for further investments in safety measures from a cost-benefit standpoint. The municipal actors, on the other hand, adopted more a deterministic point of view with the occurrence of an accident as the starting point for discussions. They referred to training situations that demonstrated the difficulties in undertaking rescue operations in dense smoke and considerable walking distances as a motivation for increased investments in safety measures (including shorter distances between evacuation exits).
Given these diverse types of arguments, which rested upon fundamentally different perspectives, none of them were able to revise their assessments when confronted with the other stakeholder's standpoint. This means that the essential issue for revising assessments in the face of new evidence was the stakeholders' ability to agree on what type of facts that should be seen as legitimate. As will be described in the next section, these diverse viewpoints created deadlocks in decision-making in many projects.
Breakdowns at the Boundaries of Organisational Units
Due to the different roles and responsibilities among the various stakeholders, the problems associated with design of safety measures were framed differently. This resulted in disagreements, for example regarding the distance between evacuation exits. These evacuation exits need to be located at regular intervals in the tunnel in order to ensure the possibility to evacuate safely in the case of an accident and to enable rescue operations.
Each additional exit implied significant costs for the Transport Administration, and from an economic point of view an excessive number of such exits was consequently not desired. In order to estimate an 'acceptable' distance between exits, the Transport Administration therefore spent considerable resources on quantitative risk analyses in each project. Based on these analyses, a proposed design of safety measures in each tunnel was presented, which required an approved building permit from the municipal actors. However, with reference to the Civil Protection Act (SFS 2003:778) , the rescue services insisted on supplementary measures for safety and rescue equipment to be designed into each tunnel. These demands were raised in addition to the measures that were proposed in the design by the Transport Administration. For example, water pipe systems, smoke ventilation and rescue operation vehicles were demanded. As a consequence, some respondents from the Transport Administration considered that the municipal rescue service gained unreasonable influence over the decision-making process. One of the respondents from the project team in project D expressed that:
'they [the municipal actors] have somewhat kidnapped the building permit'
In this way members of the project teams experienced that the Transport Administration was trapped in a double bind. On the one hand, the consequence of agreeing upon the demands from the municipal actors would be increased costs. This was not only the case for the specific project, but also for future projects where the same amount of additional safety measures would be demanded (which will be further described below). On the other hand, disagreements with the municipal actors would result in delays of the project, which consequently also would imply increased costs. This means that the respondents from the Transport Administration experienced that no matter what actions they took, they would lead to undesired outcomes. But also the respondents representing the municipal actors experienced that they were trapped in a double bind, albeit for different reasons. Instead of purely financial risks, they suffered from a 'blame game'. This means that they on the one hand did not want to be held responsible for delaying the project by disapproving the building permit. The reason for this was that the railway tunnel constituted an important infrastructure project for the local community. On the other hand they neither wanted to be blamed for having approved the construction of a tunnel with an unacceptably low level of safety in case an accident would occur. One of the representatives from the municipal building committee in project B expressed that:
'you don't want to witness that you have made an erroneous decision, and then one day an accident occurs, which ultimately resonates that the … [municipal building committee in the municipality] had made an unwise decision' These double binds consequently led to breakdowns of the decision-making process, resulting in severe deadlocks in some of the projects. In order to reconcile these double binds (and to attain an approved building permit), the project teams in several projects accepted some of the demands raised by the municipal rescue services. One of the measures resulting from such demands involved a water supply system to the tunnels. According to the interviewed consultant this was first demanded by the rescue service in a project called Åsa (prior to the studied projects). Following this agreement the rescue services in subsequent projects also demanded this type of water supply system, with reference to project Åsa. In this way, project Åsa had established a 'precedent', i.e. a new standard for what level of safety measures that should be incorporated into new tunnels.
To some extent the same kind of precedents were established for other kinds of safety measures as well, such as the distance between evacuation exits. This distance was contested in all of the studied projects, and in most of them the Transport Administration suggested a significantly longer distance between these exits than demanded by the municipal actors. For example, the initial suggestion from the Transport Administration in project C was a distance of 1000 m between evacuation exits, whereas the municipal actors demanded 200 m. A similarly large difference in opinion about this distance existed in project D, which resulted in delays of the project. This controversy was eventually resolved by an agreement between the director-generals of the Rail Administration (subsequently the Transport Administration) and the Rescue Service Agency, who decided upon a distance of 500 m for most of the tunnels in the project. This agreement was explicitly intended to apply only to project D. However, in the succeeding project B this distance was nonetheless regarded as a precedent and the same distance between evacuation exits was applied.
Consequently, once a decision was reached in one project, the same agreement was used as a benchmark in several subsequent projects. Several respondents from the project teams showed an awareness of the risk of establishing new precedents in their project. In other words they saw a need to be restrictive with agreeing upon the demands raised by the rescue service. For example, the respondent from the project team in project B described that:
'You [the project team] become a bit restrained… if we say 'yes' in a specific project… for example regarding mobile smoke ventilation, then you know that… this has an impact for the rest of [the railway tunnel projects in] Sweden as well'
In this way the large impact from decisions reached in previous projects created pressure on the stakeholders in each new project. As further described in the next section, the project teams were therefore unwilling to recognise these precedents as a basis for decision-making.
Past Success as a Reason for Confidence
Due to the establishment of precedents, the amount of safety measures increased gradually for successive projects. However, with reference to the low probability of accidents in railway tunnels, the project teams did not share the municipal actors' view of the need for increased safety investments. The project teams therefore opposed the establishment of precedents, and from their point of view the lack of previous serious accidents was taken as a reason for confidence. For example, one of the consultants pointed out that accidents in railway tunnels as a matter of fact are very rare, and that:
'…you need to consider the probability of an accident occurring in the first place... [There are] Some actors in society [that] must not interfere with this, because they do not understand probabilities… they do not know how safe this is…' This resistance against an increased level of safety in railway tunnels was expressed by the safety officer of the Rail Administration (subsequently the Transport Administration) in a statement from 2008. In this statement he emphasised that the established precedents should not be recognised as having any significance for future projects (Swedish Rail Administration 2008, 2): 'Previous agreements on higher demands are irrelevant and shall not be ruling. The Rail Administration has in several cases agreed upon solutions with a higher level of safety than required in current regulations. From rescue services and from the Rescue Service Agency it has been claimed that since the Rail Administration in several cases previously has accepted higher levels of safety, they should be regarded as precedents. The standpoint of the Rail Administration is that the process that has preceded these deviations does not in any way meet the demands that can be raised on a precedent. This is particularly the case given that the Rail Administration has not agreed on these demands due to safety reasons, but primarily in order to minimise the risk of delays in projects.'
In addition, the establishment of precedents downplayed the role of QRAs as a basis for decisions in the projects. For this reason several respondents from the project teams expressed dissatisfaction with the decision-making process. For example, one of the respondents questioned the value of carrying out different types of analyses, including QRAs, as a basis for determining the distance between evacuation exits. This was due to the large impact on the final decision from agreements reached in previous projects. This respondent (from the project team in project B) pointed out:
'If we propose 500 meters, then the rescue service feel confident… and then we know that this will be approved, although it is not a distance that has resulted from an analysis… so you start to wonder why we are doing these analyses…' Due to this discontent with the decision-making process several respondents were willing to find ways to avoid future controversies in decision-making in railway tunnel projects. This will be further described in the next section.
Fragmented Problem Solving Process that Clouds the Big Picture
In order to avoid future controversies and double binds several respondents argued for creating a less fragmented decision-making structure in railway tunnel projects. In particular, these respondents desired that some questions, such as the distance between evacuation exits, should not be decided on the local level in each project. Rather, they considered that these matters should be determined on the national level. For the municipal actors, this desire stemmed from their perceived lack of competence or resources for making decisions in this type of questions. This was pointed out by one of the respondents from the building committee in project B:
'We have constantly asked for national directives, and perhaps national control of the decisions, in this type of projects. It is not an individual municipality's opinion… that should determine this. We do not have the knowledge to do that.'
Respondents from the Transport Administration also wanted to establish a more centralised decision-making process. In other words they wished to reduce the strong influence from the municipal actors on the design of safety measures in each tunnel project. The reason for this was primarily that the demands on additional safety investments raised by the different municipal rescue services contributed to delays of many projects. The Transport Administration therefore wanted to settle specific requirements for those safety measures that were regarded as common for all railway tunnels. The respondent from the project team in project D argued that:
'Some questions related to safety and rescue operations are generic for the whole country…. These issues should be managed centrally… but the rescue services are also involved [in the decision-making process], and they are not organised on a centralised basis' Consequently, by transferring many decisions to the national level the strong influence from the municipal actors on the design of safety measures in each tunnel project would be reduced. In addition to the establishment of double binds this strong influence from local actors also had a large impact on the focus of attention in decision-making in the projects. Since the rescue services are organised on a local basis in each municipality, they mainly raised questions related to local aspects. For example, these questions related to the ability to intervene in the case of an accident in the tunnels. Important questions from a regional or national perspective, on the other hand, were given limited attention in the decision-making processes. In particular, the ability of the railway system to return to normal operation in the face of failures, i.e. the system's resilience, did not gain significant attention in the studied projects.
One of the opportunities for increasing resilience of the railway system relates to the selection of tunnel type and means of evacuation. Different tunnel types have different means of evacuation, and they provide different potentials for adaptation and recovery in the event of major disturbances. Means of evacuation can either be provided by a parallel evacuation tunnel (see Figures 2a and 2b) , or, for tunnels consisting of two parallel single-track tunnels, by using the unaffected tunnel (see Figure 2c) . If a major disturbance occurs in a tunnel the latter type of tunnel design provides a possibility to use the unaffected tunnel tube, albeit with a restricted traffic flow (provided that only one of the parallel tunnel tubes is affected). In contrast, if a tunnel designed with a separate evacuation tunnel is affected no traffic is possible until this tunnel is completely restored. This is because the evacuation tunnel is not possible to use for railway traffic.
Four of the studied projects were designed with a smaller evacuation tunnel. In these projects it was noted that technical constraints required that the diameter of the evacuation tunnel had to be constructed of almost the same size as a normal railway tunnel. This means that if it had been made somewhat larger, these tunnels would be possible to use if an accident would leave the primary tunnel unavailable. As a result the railway link would have gained a significantly better ability to return to normal operation after major disturbances. Some of the respondents from the project teams recognised the vulnerability of this design. For example, the respondent from project E pointed out that: 'Preferably it should be possible to operate the evacuation tunnel… If we have an incident which forces us to close [the tunnel] it would lead to large consequences…' According to the respondents from the project team in project D, the construction of fullsized evacuation tunnels would only imply negligible additional costs. Nonetheless, when the project team raised this issue, the higher-level manager of the Transport Administration rejected this solution. This was described by one of the respondents from the project team in project D:
'When we make them [the evacuation tunnels] this big, we believe it would be natural to prepare for putting tracks in them, that is, to make them full-sized, but the [higherlevel managers of the] Rail Administration said no to that, they were not willing to take the extra cost'
The findings presented in the previous sections consequently show that local aspects of each tunnel gained priority over the role that each tunnel plays from a regional or national perspective. Even though each tunnel constitutes an important part of an entire railway section, which in turn constitutes a link in a larger network, a fragmented view of the dependencies characterising the railway system was adopted. To a large extent this stemmed from the prominent position of local actors, who mainly raised issues of local interest. Each new tunnel project therefore essentially became a local matter, which distracted focus from the bigger picture of the system's functionality. As a result, decisions were made at the local level in each project, but had an impact on the resilience of the railway system at the regional and national levels.
Discussion
In the analysis of challenges related to providing resilience to the railway system presented in this paper significant focus of attention was devoted to gaining understanding of the local rationality of each stakeholder. For this reason an exploratory case study approach was adopted. The inevitable downside of this approach is that only a limited number of respondents formed the empirical data. Since railway tunnel projects typically run over a period of 10-20 years, few of the respondents therefore had been involved in the projects from their beginning. This may potentially invite weaknesses to the reliability of the analysis. However, the risk of significant biases from this factor is seen as low, based on the triangulation that was possible by interviewing different stakeholders in the same project.
The results from the case study revealed that decision-making in Swedish railway tunnel projects is highly political and largely influenced by power relations between the different stakeholders. In this respect, the case study shares a number of similarities with Flyvbjerg's analysis of a Danish city-planning project, in which he points out that 'power relations are active and decisive in the design phase of the project' (1998, 52) . The diverse roles and responsibilities among the different actors involved in the railway tunnel projects created disagreements in the decisionmaking process. From these differences in viewpoints, deadlocks emerged in several projects due to the double binds that the central stakeholders experienced. As described in Section 4.4., several respondents desired to transfer some of the decisions from the local to the national level in order to reduce these double binds. However, since further consideration of this suggestion would require a thorough assessment of the legal framework, this is clearly outside the scope of the paper.
The double bind experienced by the project teams related to the risk of delays and increased costs (which confirms the perspective on risk as events that are threatening the project, not emanating from it, as concluded by Boholm 2010 in a study of other types of railway projects in Sweden). The double bind experienced by the municipal actors, on the other hand, was related to blame avoidance (see Hood, Rothstein and Baldwin 2001 and Hood 2002 for further discussions of blame avoidance strategies). The deadlocks stemming from these double binds are somewhat untypical for the Swedish risk management approach, which traditionally is consensus-oriented and involves little conflict (Löfstedt 2009 ). Due to these double binds, and the large influence from local actors on the decision-making process, significant focus of attention was directed towards local aspects of each tunnel. This resulted in a restricted consideration of the system's resilience on the regional and national levels.
As for all complex systems, these findings illustrate that local actions typically have global consequences (Heylighen, Cilliers and Gershenson 2007; Axelrod and Cohen 2000) . Several authors have emphasised the importance of analysing this link between local interactions and their global effects. For example, Dekker (2011, 170) claims that failures in complex systems emerge through 'the interaction between diverse, interacting and adaptive entities whose micro-level behaviours produce macro-level patterns'. The results from this study highlight the relationship between decision-making in railway tunnel projects and its impact on the system's resilience. The paper therefore contributes to increased understanding of the way that the micro-macro connection in complex socio-technical systems is manifested (cf. Vaughan 1996) , i.e. how behaviours at the local levels of a system influences characteristics on the system level.
Conclusions
From the results presented in this paper it can be concluded that resilience of the railway system gain limited attention at the design stage of new railway tunnels in Sweden. The theoretical framework adopted for analysing the decision-making process in this type of projects was based upon insights from the fields of resilience engineering and risk governance. These fields typically focus on somewhat different aspects of risk management. Nonetheless, both fields give emphasis to four similar factors that are important for managing risks in complex systems. These four factors formed the theoretical framework for analysing the decision-making process in the studied railway tunnel projects. The results from this study confirmed that these factors give rise to challenges to the risk management process, and their empirical value can therefore be strengthened. With these generic factors as a point of departure, additional challenges related to the provision of resilience to the Swedish railway system were identified. In particular, the results showed that diverse roles and perspectives among the different actors resulted in disagreements and deadlocks in the majority of the studied projects. The multi-level and multi-actor decision-making setting created a situation in which the key stakeholders experienced that they were trapped in different double binds. In this way power relations between the different stakeholders were highly influential in shaping the decision-making process. The significant impact from local actors in this process contributed to a restricted consideration of the system's resilience on the regional and national levels. This kind of cross-scale interaction between different levels of a socio-technical system has been identified as an important challenge for understanding and managing a system's resilience (McDonald 2006; Woods 2006) . The findings of this study confirm this type of challenges, and provide insights into their manifestation by contributing with increased understanding of the way that micro-level decisions affect macro-level characteristics of complex socio-technical systems.
